In the present study, elastic impedance (EI) inversion is performed to estimate subsurface elastic properties in inter-well regions. These elastic properties are helpful to discriminate gas-bearing formation from gasfree formation, as well as overpressure zone. Seismic reflection data from the Penobscot Scotia shelf, Canada are used for the analysis which is performed in two steps. First, the method is tested with noise-free synthetic data, as well as with addition of 5%, 10%, 20% and 30% Gaussian noise. The analysis shows that efficacy of EI inversion decreases by 3.4% with addition of 30% noise in the data compared to noise-free data. In the second step, EI inversion is applied to the real data and variation of EI is estimated for near-and far-angle stack gathers. The analysis demonstrates that the inverted results follow the well-log curve satisfactorily. The results also show higher resolution images for the far-stack data compared to the nearstack data. Incidentally, it is noticed that the area of study does not contain any major gas or overpressure zones. As of now, the analysis has been performed for small datasets of the region. Robustness of the method needs to be tested with more data from other parts of the region as well.
SEISMIC inversion techniques have been routinely used to map subsurface structures both in the field of seismology and seismic exploration. In the latter, inversion helps extract the underlying model of physical characteristics of rocks and fluids that are helpful for reservoir characterization 1 . The present work involves extracting elastic impedance (EI) variation in inter-well regions from seismic reflection data. Usually, inversion depends on some form of forward modelling that generates the earth's response from a set of model parameters. The inversion then aspires to generate a best-fitting model that satisfies the observed dataset following some form of minimization procedure [2] [3] [4] [5] [6] . The seismic inversion techniques can be divided into two broad categories: post-stack and pre-stack inversions.
The first approach is most commonly used, in which the effect of the wavelet is removed from seismic data and a high-resolution image of the subsurface is generated 7 . The second approach relies on model-building from welllog, seismic and geological data 8, 9 . This also generates high-resolution image of the subsurface from which reservoir properties are estimated. A reliable estimate of the reservoir properties is critical in decision-making process during development phase 4, 10 . Elastic impedance inversion is a generalization of acoustic impedance inversion that uses pre-stack seismic reflection data as input 11 . The output of elastic impedance is useful to interpret gas-filled formations [12] [13] [14] [15] [16] . There are many approaches available for EI inversion, i.e. full prestack inversion, post-stack inversion using amplitude variation with offset (AVO; termed 'AVO inversion'), and post-stack inversion using elastic impedance (termed 'EI inversion'). In the present study, post-stack inversion using elastic impedance is chosen for analysis, because the method is fast and easy for real-data applications. Although computationally expensive, full pre-stack inversion is the optimum approach to obtain elastic parameters from seismic reflection data. However, good results have also been obtained using AVO inversion 17 and EI inversion 14 . In the present study, elastic impedance inversion is employed to seismic reflection data from the Penobscot field, Nova Scotia, Canada for estimating the elastic rock properties. Analysis has been performed in two steps: first a synthetic seismogram is generated over seven layer earth models and elastic inversion is performed to estimate the elastic property. Thereafter, 5%, 10%, 20% and 30% random noise is added to the synthetic data and elastic inversion is performed to estimate the effect of noise. In the second step, the elastic inversion method is applied to real data and elastic rock properties are estimated for near-stack, as well as far-stack seismic data, and the results are compared.
Study area
The Penobscot field is located in the Scotian shelf, offshore Nova Scotia, Canada (Figure 1 ). The area contains many structural and stratigraphic features in the subsurface.
Many minor, but two major faults can be inferred from the seismic data 18 . The major faults displace the interpreted seismic horizons 19 . The data are recorded over an area of 7.2 km × 12.03 km. The seismic sections have 1000 to 1600 inlines and 1000 to 1481 crosslines, and the section goes up to 6000 ms (millisecond) depth. The measured seismic signal is poor below 3000 ms. Apart from this, well logs for L-30 and B-41 boreholes in the area yield caliper log, gamma-ray log, resistivity log, sonic log, SP log, etc. 20 . Several minor oil and gas fields are located in these Late Jurassic to Cretaceous formations, but they are difficult to interpret from seismic reflection data. The seismic reflection data are divided into 15 components, where one component contains 40 in-line and all crosslines. Seismic data from inline 1161 to inline 1200 and crossline 1000 to crossline 1481 along with well L-30 are utilized for the analysis. The seismic and well data have been downloaded from the Opend Tect seismic data portal. The time-to-depth models have been taken from the Canada-Nova Scotia Offshore Petroleum Board report (unpublished). The survey contains a limited range of pre-stack data. The data cover many geological features, which include graben-bounding faults, channels, megascale de-watering faults and reefs 21 .
Theory
EI is generalization of the acoustic impedance of offsetdependent angle gather seismic data. Because P/S mode conversions are significant at oblique incidence angle, EI inversion gives a more detailed picture of the subsurface 11, 22 . EI inversion can be done from the small-contrast Aki and Richards equation (eq. (1)). Connolly 11 was the first to use range-limited stack sections to invert elastic impedance. The reflection coefficient R(θ) can be calcu- 
and similarly for the other variables where V P is the P-wave velocity, V S the S-wave velocity, ρ the density and t i is the time at sample i. Further, one requires a function f (t) which has properties analogous to acoustic impedance, such that reflectivity can be derived from eq. (2) for any incidence angle θ
Equation (2) is used to estimate elastic impedance. This equation can also be written as follows for small to moderate angle of incidence
Thus, eq. (1) can be rewritten as 
Rearranging the terms we get
8 sin sin tan . 
We have used only the first two terms of eq. (1). Then the above (eq. (6) and (eq. (7)) and following expressions differ only by changing tan 2 θ to sin 2 θ. We substitute
Now, if we make K a constant, we can take all terms inside Δs 2 2
(1 tan ) (8 sin ) ln(EI) ln( ) ln( )
(1 tan ) (8 sin ) (1 8 sin ) ln(EI) ln( ).
Finally we integrate and exponentiate (i.e. remove the differential and logarithmic terms on both sides), setting the integration constant to zero 2 2 2 (1 tan ) (8 sin ) (1 8 sin )
EI .
Equation (11) is the final output which is used to estimate elastic impedance provided P-wave velocity, S-wave velocity, density and angle θ are known 11, 22, 23 . Figure 2 depicts inversion results estimated using elastic inversion method for noise-free as well as noisy data. Figure 2 a, c, e, f and i displays synthetic seismograms, and Figure 2 b, d , f, h and j displays inversion results for noise-free data as well as data with 5%, 10%, 20% and 30% noise respectively. The analysis shows that the inverted impedance curve follows the original impedance well. It is also noticed that the inverted curves deviate from the original curve for Gaussian noise >10%. The correlation is estimated to be 0.999, 0.998, 0.995, 0.983 and 0.965 and error varies as 0.017, 0.048, 0.089, 0.186 and 0.262 for noise-free, 5%, 10%, 20% and 30% noise in the data respectively. The efficacy of the EI method is estimated and found to decrease by 3.4% with addition of up to 30% noise in the data compared with noise-free data. Figure 3 shows variation of RMS error and variation of correlation with addition of Gaussian noise in the data. The analysis shows that RMS error increases with increase in Gaussian noise in the data, while correlation decreases. It is also noticed that RMS error increases sharply up to 5% noise, then increases smoothly up to 20% noise and thereafter increases sharply again.
Results and discussion

Synthetic data example
Real data example
Real data from the Penobscot field is utilized to estimate subsurface elastic properties using elastic impedance inversion technique. Pre-stack seismic data from inlines 1161 to 1200 and crosslines 1001 to 1481 along with well L-30 are used for the analysis. Initially data preparation was done by partial stacking, horizon picking, conversion of depth to time, wavelet extraction and generation of low-frequency initial model. Figure 4 shows near-angle stack (left) and far-angle stack (right) which are used as inputs for elastic impedance inversion method. The figure depicts that the signal-to-noise ratio increases due to stacking, which is usual case; but it can also be observed that the resolution of far stack section increases more than that of the near stack gather (highlighted by arrows). The near stack represents stacking of 0-15 degree traces while the far angle stack represents stacking of 16-30 degree traces. After preparing the data, elastic impedance inversion is applied to the data in two steps: First, a composite trace in the vicinity of the well location is extracted from near-and far-angle stack gather and inversion is performed; the results are compared with well log data. Figure 5 shows a comparison of inverted elastic impedance from near stack as well as far stack with well log impedance. It can be noticed from the figure that the inverted EIs for the near stack and far stack agree satisfactorily with the well log EI. The estimated correlation is very high (0.94) and error is 0.13, which indicates good performance of the algorithm. For quality check, crossplot is generated between original and inverted elastic impedance for near-(left, Figure 6 ) as well as far-angle stack (right, Figure 6 ) data. It can be noticed from Figure  6 that the maximum scatter points lie close to the best-fit EI is an extension of acoustic impedance (AI), and Figure 7 shows a comparison of the EI curve from nearand far-angle stack seismic sections and the AI curve. From the figure, one can notice that the EI curve closely follows the trend of the AI curve, which indicates good results. A cross-plot of near-stack elastic impedance with far-stack elastic impedance is generated with colour bar of acoustic impedance (Figure 8 ). It can be seen from Figure 8 that the EIs of near-and far-angle stacks vary in a similar manner. In the presence of gas zone, some cluster points away from the best-fit line would appear, which is not seen in Figure 8 . Therefore, possibility of occurrence of gas-bearing formation is low in the study area. However, it must be mentioned that this is a preliminary interpretation of composite traces. It does not rule out the chance of occurrence of gas-bearing formation(s) in areas away from the present location.
In the second step, the entire seismic section is inverted for elastic impedance and Figure 9 shows the crosssection. The left side of the figure shows elastic impedance for near-angle stacks, while the right-side for farangle stacks. The differences between near-and far-angle stack elastic impedance sections are highlighted by arrows. The improved reflector resolution is high in farstack elastic impedance section compared to near-stack section. As shown in Figure 10 , a cross-plot of near-stack and far-stack elastic impedance is generated for the entire dataset. The scatter points lie very close to the best-fit line. There is no cluster of points anywhere in the cross plot, which indicates that, the area does not contain any major gas formation. However, the presence of gas formation elsewhere, which could be minor, is not detectable by elastic impedance inversion method. Analyses are performed for seismic data for the area containing inlines 1161 to 1200 and crosslines 1001 to 1481. On the basis of this, occurrence of gas formation outside the zone of study cannot be ruled out.
Conclusion
In the present study elastic impedance inversion method is utilized to estimate subsurface elastic properties which give high-resolution subsurface information. These properties are helpful to discriminate hydrocarbon-bearing formation filled with gas from non-gas-bearing formation. The method uses behaviour of P-and S-wave velocities in gas-filled formations to discriminate them. The elastic impedance inversion does not show much deviation for noises up to 10% level, and after that small deviation can be noticed. The performance of EI decreases by 3.4% after adding 30% Gaussian noise in the data. Further, the analysis for composite trace near the well location demonstrates good performance of the algorithm, as the inverted curves follow the trend of the original curve satisfactorily. The inverted volume from the far-stack seismic section shows higher resolution compared to the near-stack seismic section. It is also concluded that part of the Penobscot area of Canada studied does not contain any major gas formations. These analyses are performed for small datasets of the region, and so conclusions need further verification in other parts of the study area as well.
